Abstract-This paper is focused on a high-voltage (400 to 800 V) bidirectional converter, which is intended to be used for the interconnection of battery-based energy-storage systems with the cells of a modular multilevel converter, providing distributed energy-storage capability to a solidstate transformer. This converter must have a high efficiency at medium and light load and also a low current ripple due to the charging and discharging processes. This work takes advantage of the use of SiC MOSFETs into a synchronous boost converter to accomplish the previous requirements. First, the adoption of a variable-switching frequency control to keep the efficiency high is analyzed, and second, the use of a modular converter with different control techniques to provide a current ripple reduction is also addressed in this study. An input-parallel-output-parallel synchronous boost converter, made up with three modules (3 kW per module), is used to validate experimentally the advantages of the use of SiC MOSFETs and to compare different control techniques.
[1]- [4] . A fully modular three-stage approach (ac/dc + dc/dc + ac/dc) appears to be the most popular choice [2] , [5] [6] [7] [8] . Based on the modular approach, the use of multilevel converters to develop the ac/dc stage of the PET is very common, as in the case cascaded H-bridge (CHB)-based PET [8] and multilevel modular converter (MMC)-based PET [9] , [10] . Multilevel converters have several convenient characteristics [11] [12] [13] , being a distinguishing one the fact that while it provides a high-voltage dc (HVDC) link, the distributed energy storage at the cells capacitors eliminates the need of a bulk dc capacitor, which is advantageous for safety and reliability reasons [14] .
In PETs based in multilevel converters, it is possible to add, by adequate design of the cells, a multiport capability, able to integrate at the cell level low-voltage dc or ac power sources, loads or energy-storage devices, and/or systems. The inclusion of distributed energy-storage capability can be carried out integrating storage systems at the cell level. However, if the voltage value at the cell and the storage system are different, the use of bidirectional power converters is mandatory to adapt the energy format.
When a bidirectional power converter is used to connect the storage system to the cell, a small part of the energy is lost in the charge and discharge process of the storage system. Consequently, a highly efficient converter must be designed. Depending on the voltage levels of the storage system and the cell, different power converters topologies can be used. To reduce the number of cells in a multilevel converter, the voltage at the cell is usually high, in the order of 1000 V (in this study, 800 V) and high-voltage storage systems are typically required (in this study, 400 V), mainly for this reason, nonisolated power converters can be used.
In this paper, an input-parallel-output-parallel (IPOP) modular synchronous dc/dc boost converter is developed in order to integrate storage capability in a MMC-based PET under development. A variable-switching frequency operational mode (quasi-square-wave mode zero-voltage switching (QSW-ZVS)) is adopted to provide high efficiency over a wide output power range, especially at light loads. This is mainly due to battery charging process, which is usually done in three stages [15] , with a final stage in which the charging current is very low (i.e., low load or low output power level). Working in this QSW-ZVS operational mode, the controller has to increase the switching frequency several orders of magnitude when power decreases.
Hence, to comply with high voltage and switching frequency requirements, the use of silicon carbide (SiC) power MOSFETs is proposed to take advantage of their properties. As it is already known new wide-bandgap semiconductors, especially SiC or GaN transistors can withstand higher voltage levels, allowing faster switching and lower conduction losses, in comparison with similar silicon-based transistors [16] . The use of SiC power MOSFETs provides a higher attainable switching frequency, which is especially interesting in variable frequency control techniques. This capability makes possible the use of QSW-ZVS in high-voltage and high-power applications providing a high efficiency at light loads (even at high switching frequency). This is one contribution of this paper.
One of the disadvantages of QSW-ZVS operational mode is the required large inductor current ripple, which is precisely unsuitable for energy-storage systems. High charge current ripple levels increase the aging and derating effects among the charging and discharging processes of the battery [17] . However, this drawback can be overcome by the use of modular converters (i.e., multiphase interleaved converters connected in parallel) in order to reduce this charge current ripple.
The combination of different operational modes and modularization techniques (to keep high efficiency at light load and low charge current ripple, respectively) is evaluated in this paper. In fact, all of them are both conceived and applied to an IPOP modular converter based on bidirectional dc/dc boost converters using SiC power MOSFETs, presenting advantages and disadvantages of each one in comparison to each other's. As it was stated before, one of the advantages of SiC power MOSFETs is the increase of the maximum attainable switching frequency. Consequently, a wider power range with high efficiency can be obtained. Considering this improvement, the comparison of the performance of these techniques, making possible a certain selection criteria for specific applications, is another contribution of this paper. This paper is organized as follows. In Section II, the requirements of the power devices that composed of a MMC-based PET with integrated and distributed energy-storage systems are presented, and, therefore, the justification of the use of SiC MOSFETs is also stated. In Section III, the most common control techniques applied to a bidirectional boost dc/dc converter are reviewed, focusing on QSW-ZVS. Section IV shows a deep analysis of the proposed control and modularization techniques to keep high the efficiency at light load and to reduce the charge current ripple of the proposed system. Different combinations of operational modes and modularization techniques are explained and compared, emphasizing their advantages and disadvantages. In Section V, details about the design of the modular converter and the experimental results are presented. Finally, conclusions are presented in Section VI.
II. POWER DEVICES REQUIREMENTS
A potential configuration for a three-stage multiport PET is derived from the MMC topology, where an isolated and bidirectional dc/dc converter (being a dual active bridge (DAB) usually preferred) is used to inject/drag power from the MMC HB cells. The low-voltage (LV) side of the DABs is parallelized to form a LV high-current dc link [9] , [10] . The MMC-based PET provides three ports: HVDC, HVAC, and LVAC, being, therefore, a multiport power converter where all the ports are bidirectional.
It is possible, however, to connect elements to the dc link of the cells [10] . These can include energy-storage elements [18] or distributed energy resources (DER) [19] . This is schematically shown in Fig. 1 (nonisolated dc-dc power converter highlighted in green). In this case, some cells are connected in parallel using DABs to perform the ac/ac power conversion with galvanic isolation and other cells are connected to energy-storage elements and DER using nonisolated dc/dc power converters. The converter connecting the DER/energy storage to the MMC cell does not have to be necessarily a DAB; it can be optimized for the specific needs (e.g., galvanic isolation or bidirectional power flow capability).
The converter presented in this study is oriented to provide energy-storage capability to a MMC-based PET. However, the conclusions obtained could be applied to different applications, where a bidirectional converter with high efficiency for lightloads and high-voltage operation is required (e.g., wind energy generation with storage capability [20] or electric vehicle battery chargers [21] , [22] ).
In this study, the cell voltage (V cell ) being considered is 800 V. Therefore, two options can be considered: Si insulated gate bipolar transistors (IGBTs) or SiC MOSFETs. A synchronous boost converter is chosen for interfacing the battery with the cell. QSW-ZVS operational mode can be applied to this converter, in order to obtain a very high efficiency at medium and light load. In this operational mode, the switching frequency increases when power decreases. Then, the switching frequency may vary several orders of magnitude from full load to light load (from tens of kilohertz up to hundreds of kilohertz). Therefore, the use of SiC MOSFETs allows a higher maximum switching frequency and, consequently, the range of power with high efficiency can be wider using this specific operational mode.
III. OPERATIONAL MODES FOR SYNCHRONOUS BOOST CONVERTER
A synchronous boost converter is the simplest bidirectional topology without galvanic isolation (see Fig. 2 ). The low number of components needed and the large number of different control techniques (providing different operational modes) which can be applied to this topology are its main advantages. A possible way to obtain very high efficiency is to use QSW-ZVS. This operational mode can be applied to traditional dc/dc topologies (buck, boost, and buck-boost converter families) for reducing the switching losses [23] [24] [25] [26] [27] [28] [29] [30] . In a boost converter, to properly work in QSW-ZVS, the output voltage should be higher than twice the input voltage [25] and [27] . Furthermore, the inductance value should be low; hence, the converter works with a large inductor current ripple. The theoretical inductor current waveform of a synchronous boost converter working in QSW-ZVS mode can be seen in Fig. 3(a) .
In this converter, there are two different dead times. The first dead time (t d1 ) is constant and it is located after the magnetizing interval (i.e., after S 1 turns-off, before S 2 turns-on). The lowest limit for the first dead time (t d1 ) is constrained by the need to avoid a short circuit when S 2 is turned-on and S 1 is turned-off. On the other hand, excessive large values of t d1 will result in increased losses introduced by the conduction of the parasitic body diode of S 2 . This first dead time is usually omitted in the analysis of this operational mode.
The second dead time (t d2 ) is placed after the demagnetizing interval (i.e., before S 1 turns-on, after S 2 turns-off. During this second dead time, the inductance current becomes negative and a resonance with the parasitic output capacitance of the transistors occurs. Based on this resonance, S 1 output capacitor might be fully discharged during t d2 (i.e., S 1 turn-on) and then ZVS condition can be achieved. Moreover, it should be noted that S 2 is turned-off under zero current switching. Hence, the switching losses are drastically reduced. In order to keep constant the reactive current needed to achieve ZVS, the switching frequency must be increased when the output power decreases. In this mode, the maximum switching frequency of the power devices f smax determines the minimum power. This minimum power can be calculated as
Thanks to the low parasitic capacitances of SiC MOSFETs, f smax can be greatly increased, allowing the use of QSW-ZVS for very light loads.
Another possibility is to use triangular current mode (TCM) which is another operational mode very similar to QSW-ZVS. The main difference between these operational modes is that TCM works at constant switching frequency increasing the reactive current at light load and keeping inductor current ripple constant (see Fig. 3(b) ). TCM mode is more suitable for narrow load variations, because at light load, conduction losses are increased drastically due to the large amount of reactive current.
IV. MODULAR TECHNIQUES FOR AN IPOP BOOST CONVERTER
In spite of TCM and QSW-ZVS modes have the great advantage of reducing switching losses, both modes have the disadvantage of working with a large inductor current ripple, as can be seen in Fig. 3 . For energy-storage system applications, such as battery chargers or supercapacitors, this large charge current ripple may either reduce the life span of the energy-storage system or derate its functionalities. Based on this, a possible way to overcome this problem is to use some modular approach in which several synchronous boost converters can be connected in parallel, and, therefore, an interleaving approach can be applied in order to reduce the inductor current ripple.
Moreover, the modular approach can also be used to increase the power managed by the system. At this point, an IPOP modular converter, in which all the modules share the input and output voltage and the total input and output currents are the sum of the current of each single module, is suitable to overcome high current ripple if an interleaving control technique is applied to TCM or QSW-ZVS. In Fig. 4 , a generic scheme of an IPOP modular converter is shown. The efficiency of this IPOP modular converter can be expressed as
where P on and P in are the output and input voltages of a given module (module n), P I and P O are the input and output powers of the modular converter, I in and I on are the input and output currents of each module, and N is the number of modules. Equation (2) can be rewritten in terms of losses as
where P Ln are the power losses of the module n and P LT are the power losses of the modular converter. These expressions are valid in an IPOP modular converter independently of the control technique implemented for its control. Hence, the overall converter efficiency can be improved, especially at medium and light load by using a properly control technique regarding the sequence of turn-of and turn-on of each module that performs the modular converter.
A. Balanced Technique: Master-Slave Approach
A balanced technique is performed when all the modules always provide the same amount of output power (i.e., they are power balanced at any load level). Therefore, the overall efficiency of the modular converter can be calculated using (2) and (3):
As can be seen in (4), the overall efficiency is exactly the efficiency of one module. Therefore, this technique does not take any advantage of the modular arrangement in terms of loss reduction at light load. However, the main advantage of this balanced technique is the input port current ripple reduction thanks to the interleaving control technique. It is very well known the relationship between the input current ripple as a function of the duty cycle (D) and the number of modules [31] . Depending on the value of D, the total input port current ripple may even be fully cancelled.
A master-slave approach can be considered to implement this balanced technique [32] . In this case, the variable controls of all the modules are the same, and they are generated and shared by the master module with the slave modules.
TCM operational mode is the simplest solution to minimize the input port current ripple. However, from the efficiency point of view, this technique is not given any advantage from the modular design, neither from the use of SiC power MOSFETs at light load. This is because, as was stated previously, TCM has a poor efficiency due to the reactive current which has to be managed.
The complexity of the master module in QSW-ZVS is slightly higher than in TCM, because this module has to generate more variable controls (switching frequency changes with the power level). All the modules work varying their switching frequency following master module variation, making also possible the interleaved technique. The main disadvantage of this technique is that the current sharing depends on the component tolerances and the differences among the modules, as in the previous case. As was previously stated, the efficiency of the modular converter is equivalent as the efficiency of one module. In QSW-ZVS, thanks to the use of SiC power MOSFETs, the efficiency of one module (and, consequently, the efficiency of the modular converter) is kept high in a wide power range (from 100% to roughly 10%, as it will be shown in Section V).
As conclusion, balanced control technique using either QSW-ZVS or TCM operational mode reduces the input current ripple. This technique is a very simple way to extend to higher power converters the high efficiency at light load thanks to the use of SiC power MOSFETs and QSW-ZVS.
B. Phase-Shedding Technique
The phase-shedding technique is another possible approach to control IPOP modular converters. Under this approach, only the number of modules needed to provide the total output power is working at the same time, being off if they are not used. Hence, when the output power increases, the number of active modules increases and vice versa. Therefore, the overall modular converter efficiency can be improved at medium-and light-load conditions [33] . However, the input current ripple reduction is worse than the obtained one for balanced technique. This is because the number of active modules changes with the load, and, therefore, the phase shift among them in order to perform interleaving changes too, causing that the input port current ripple reduction will not be the optimum one. This drawback arises especially at light load, when only a few numbers of modules (a couple or even just one of them) are active.
A power profile example of a phase-shedding technique using TCM is given in Fig. 5(a) . When the total power demanded by the load is lower than P T /N , only the master module is active. When power increases higher than P T /N , then a slave module is activated adapting its output power to the load demand. This behavior is repeated when power increases every multiple of P T /N . When power decreases, the process is obviously reversed. In this case, efficiency at light load is improved thanks to the phase-shedding technique. This improvement is not carried out by the use of SiC power MOSFETs. However, the results obtained with this technique when operating in TCM may be used as a reference for QSW-ZVS in order to compare them.
Using QSW-ZVS, the phase-shedding technique is even more complex to be applied, once again, due to the variable-switching frequency control. A possible way to adopt the phase-shedding technique for an IPOP QSW-ZVS modular converter was developed for a master-slave approach in [32] . However, here the master module is the only which operates in closed loop, while the slave modules work in an open loop. The master is the only module with the capability to change its power, because the slave modules can only work in two stages: providing its maximum power (i.e., being active) or being disconnected. A power profile example of a phase-shedding technique using QSW-ZVS is given in Fig. 5(b) . When the total power demanded by the load is lower than P T /N , only the master module is active. When power increases higher than P T /N , then a slave module is activated and the master module reduces its output power to provide exactly the total output power demanded by the load. This behavior is repeated every multiple of P T /N . When power decreases, this process is reversed and the slave modules are disconnected sequentially to adjust the total power demanded by the load.
The main advantage of this technique is its simplicity. Only a slave manager is needed to develop this control, and it is easy to be implemented in a digital platform. This slave manager controls the number of active slaves operating at maximum output power. This fact, allow the slave manager to adjust the phase shift among the slave modules for reducing the input port current ripple.
Under this technique, the slave modules can be easily interleaved due to the constant switching frequency operation (i.e., they do not vary their power). The master module has to vary its switching frequency according to QSW-ZVS operation to provide exactly the amount of power demanded by the load. Consequently, it is not possible to apply the classic interleaved (i.e., adding a certain phase shift at modules that operates at the same switching frequency). This disadvantage has an important consequence in the IPOP modular converter performance, which is that not only the input port current ripple reduction is worse than the balanced technique but it is also worse than the TCM phase-shedding technique, especially at light load, when few slave modules are working together.
The application of the phase-shedding technique to QSW-ZVS allows to slightly increase the overall efficiency of the IPOP modular converter, because the slave modules work at full power and at constant frequency, which is an advantage over the balanced technique in terms of losses. Phase-shedding technique extends to a wider power range (from 100% to roughly 5%, as it will be shown in Section V) the high efficiency at light load obtained thanks to the use of SiC power MOSFETs and QSW-ZVS.
Taking into consideration the aforementioned explanations, the overall modular converter power losses applying phaseshedding technique (P LT ps ) can be calculated as P LT−ps = P Ln−ps + n ps · P Ln−ps@P max (6) where P Ln−ps are the power losses of the module which is varying its output power, P Ln−ps@P max are the power losses of an active module which is processing its maximum output power, and n ps is the number of active modules processing its maximum output power (n ps might vary from 0 up to N −1). It should be highlighted that (6) is also valid for the master-slave with phase-shedding approach, in which P Ln−ps will be the total power losses of the master module and P Ln−ps@P max will be the total power losses of a slave and n ps will be the number of active slaves.
C. Qualitative Comparison
Based on the aforementioned characteristics of each operational mode and control technique, a brief qualitative comparison of the four combinations is done in this section. This comparison is established based on five key design parameters of the IPOP modular converter taking into account possible applications (e.g., DER and/or energy-storage integration in an MMC): the input port current ripple, power losses from medium to full load, power losses from light to medium load, complexity of the control stage, and switching frequency variation (or the electromagnetic emissions, electromagnetic interference). For a fair comparison, the same number of modules is taken for both techniques (i.e., balanced and phase shedding). Also, the same inductance value, transistors, and capacitors are kept for all the modules and for both operational modes (TCM and QSW-ZVS). The results are summarized in Fig. 6 .
These results are carried out in a qualitative way, and they can only be used for comparing the control techniques. The input current ripple is established taking into account if the interleaved approach is possible with all the modules or not. Following this criteria, a high value of this parameter is set if the input current ripple depends on the power or switching frequency, as in the case of QSW-ZVS with phase-shedding technique. The power losses at medium load and light load are set as low based on two considerations. First, if the control keeps the converter working with the minimum amount of reactive current, and second, if the modular control technique keeps the converter working with the minimum number of modules. The control complexity parameter strongly depends on how both operational modes and both control techniques will be implemented. Obviously, the quantification of this parameter is very subjective. In this case, the number of closed-loop modules, the phase shift to be applied among the modules, and the variable-switching frequency operation are considered to evaluate this parameter. Finally, the switching frequency variation depends not only on the operational mode, but also on the control technique. For instance, QSW-ZVS with phase-shedding technique has lower frequency variation than QSW-ZVS with balanced control, thanks to the open-loop operation of the slave modules (i.e., in the former, all the modules vary their frequency, in the latter, only one module).
As can be seen, to select an appropriate control technique and operational mode, a tradeoff among these parameters might be established, depending on the final application. As an example, if the input port current ripple is critical, then QSW-ZVS with balanced technique is the most suitable approach, being QSW-ZVS with phase shedding the worst. On the other hand, if the efficiency at very light load is more relevant for the final ap- plication, then this QSW-ZVS with phase-shedding technique becomes the most suitable approach.
V. EXPERIMENTAL RESULTS

A. Experimental Setup
For testing and comparing the four different approaches, a three module IPOP modular converter based on synchronous dc/dc boost converter has been built in the laboratory. The total output power is set up to 9 kW (3 kW per module). Input and output voltages are chosen as 400 and 800 V, respectively. Hence, as power transistor, the SiC MOSFET module CCS050M12CM2 (three half-bridge six-pack module) by Wolfspeed is chosen. It is important to note that each half bridge of the six-pack module is used here to perform the switches of each module of the IPOP converter. The commercial driver used is CGD15FB45P1, also by Wolfspeed. The control stage has been implemented using a Spartan 3 field programmable gate array (FPGA) and the control signals are sent to the driver using optic fibers. A schematic and a picture of the prototype are shown in Fig. 7 . The switching frequency at full load is set to 20 kHz for minimizing the switching losses and avoiding the audible noise. This switching frequency is increased in QSW-ZVS when output power is reduced. As it is obvious, the switching frequency cannot be increased indefinitely in this mode for practical reasons. Therefore, the maximum switching frequency is limited to 200 kHz in this prototype. The inductors are constructed using Litz wire and an ETD59-3F3 ferrite core. All these parameters are summarized in Table I . The efficiency in all the cases was measured once the converter temperature is stabilized. Heatsink with natural convection was used to dissipate the heat of the SiC MOSFETs. Input and output voltages and currents were measured using four calibrated digital multimeters (FLUKE 187). The calculated efficiencies are intended mainly for comparison purpose because the prototype has not been huge optimized. Moderate optimization has been carried out in the design of modules, and as a consequence, the efficiencies values obtained are high. At this point, it is important to note that the efficiency for all modes of operation might be slightly improved; however, the conclusion of the comparison will be the same. As a first approach, the theoretical and measured efficiency for one module of the IPOP converter is plotted in Fig. 8 for QSW-ZVS and TCM operational modes. As can be seen, both operational modes obtained roughly the same efficiency from medium to full load. However, below medium load, the efficiency of TCM is lower than the efficiency of QSW-ZVS, as it was expected.
In Fig. 9 , some experimental waveforms of a single module of the IPOP converter are shown. Particularly, in Fig. 9(a) , the waveforms obtained at full load are depicted. It should be noted that for both QSW-ZVS and TCM modes working at full load, these waveforms are the same. The same waveforms at lightload condition are shown in Fig. 9(b) and (c) for TCM and QSW-ZVS, respectively. It should be noted that TCM works with the same input port current ripple and higher t d2 ; hence, the reactive current is clearly higher than QSW-ZVS. However, the switching frequency has to be increased up to 66 kHz for QSW-ZVS for the same current level as that with TCM. 
B. Balanced Technique
Once a single module has been tested, the IPOP modular converter under balanced technique is checked. The theoretical and experimental efficiencies are plotted in Fig. 10 for both TCM and QSW-ZVS modes. It should be remarked that theoretical efficiencies have exactly the same shape of those efficiencies calculated for a single module, as it was expected. The experimental results follow the same tendency; therefore, the same conclusions obtained for a single module can be carried out here.
An example of the input port input current ripple is shown in Fig. 11 for QSW-ZVS mode when the IPOP converter operates at 4.8 kW. As can be seen, the current ripple is around 5 A, which is 0.3 times the total input current ripple measured for one module (as it was expected based on the theoretical analysis). As it was previously stated, both theoretical and measured efficiencies for QSW-ZVS are almost constant (98%) from 100% to 10% of maximum power. In the case of TCM, the efficiency is lower than 98% below 40% of full load.
C. Phase-Shedding Technique
The phase-shedding technique has been explored next. The theoretical and experimental efficiencies for this technique are plotted in Fig. 12 for both operational modes.
In comparison with balanced technique, the power range with high efficiency (above 98%) is wider. In the case of QSW-ZVS, the efficiency is kept almost constant down to 5% of full load.
In TCM, the improvement is even higher, extending the high efficiency from 40% to 10% of full load. It is finally noted that while the efficiency at full load is usually the most important one, there are applications for which the efficiency at light load can also be critical. Averaged operating efficiencies, or weighted efficiencies, such as California Energy Commission (CEC) efficiency [34] or European (EURO) efficiency [35] , [36] , are examples of this efficiency conception different to the traditional one. Table II shows EURO and CEC efficiencies of the prototype for the four approaches. These weighted efficiencies confirm the advantage of QSW-ZVS over TCM and the advantage of phase-shedding control over balanced technique in terms of losses.
VI. CONCLUSION
In this paper, the benefits of the use of SiC power MOSFETs were proposed and demonstrated in a high-voltage synchronous boost converter. These devices can be switched at high frequency and they allow the use of QSW-ZVS operational mode in this converter to keep the efficiency high at light load (which is a key point in battery systems). Furthermore, a modular approach has been proposed to extend the advantage of the use of SiC power MOSFETs to higher power levels, wider power range with high efficiency, and reduction of the input current ripple. These concepts have been explored by comparing this mode with TCM operational mode, and additional comparison of two different modular control techniques has been also carried out in terms of efficiency. Phase-shedding technique can be used to extend even more power range with high efficiency, obtaining almost plain efficiency from 100% to roughly 5% of full load (using QSW-ZVS), whereas balanced technique can be used if current ripple is more critical in the design. 
